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Abstract 
The minority carrier lifetime distribution across silicon solar cells was investigated using 
variations of the open circuit voltage decay method. This was performed on monocrystalline, 
polycrystalline and amorphous silicon solar cells. Light from a white LED was focused using 
an aperture and a glass bi-convex lens to a spot size of 2mm on the surface of each cell 
investigated and moved in 1mm increments. At each point, a short pulse of light was emitted 
from the LED, with the open circuit voltage generated measured with time. This decay was 
then analysed using two calculation methods using a program written in LabVIEW. The 
generated minority carrier lifetime values at each point were exported in an array and 
plotted in Microsoft Excel, so that maps of the minority carrier lifetime were created. 
The calculation method from Mahan et al. (Mahan et al. 1979), produced values of the 
minority carrier lifetime that were consistently lower than the results found using the 
method from Ranjan, Solanki and Lal (Ranjan, Solanki, and Lal 2008). The values of the 
minority carrier lifetime obtained in both instances were generally in the expected range, 
once abnormally high lifetimes found to be a result of external factors (such as increased 
background effects due to low LED intensities or measured open circuit voltages) were 
removed. 
Due to the high levels of inaccuracy involved in analysis of the open circuit voltage decay 
curves, it was determined that this method could not produce reliable values of the minority 
carrier lifetime. However, through agreement of the two calculation methods used, the 
distribution of the minority carrier lifetime (such as regions of comparatively high and low 
lifetimes across a cell) could be determined with some accuracy in the case of the 
monocrystalline and polycrystalline silicon cells.  
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1. Introduction 
 
Renewable energy technologies are gaining a secure foothold in the current energy market, 
with interest in technologies such as hydroelectric, wind, thermal, ocean and solar power 
rapidly increasing. In 2010, 67.6% of global energy was produced using fossil fuels (Sawin 
2011). The use of fossil fuels, and their resultant impact on the climate and environment, has 
been a catalyst towards the use of ‘green’ technology development, use and integration into 
modern energy production (Jacobson and Bergek 2003). 
Global interest in solar cell technology, also known as photovoltaics, has drastically increased 
over the past few years. Due to technology cost reductions and increased manufacturing 
rates, the global market of the photovoltaic industry was seen to increase by more than 
double between 2009 and 2010. While solar energy is still behind wind power and hydro 
power in terms of global power capacity, it is a valuable energy source in the renewable 
energy market today (Sawin 2011). 
The photovoltaic effect was discovered in 1839 by Edmund Bequerel, but it wasn’t until the 
1950s that solar cells producing practical amounts of power were developed. This was largely 
due to improvements in the quality of silicon wafers, brought about by developments in the 
solid state electronics industry. The first reported crystalline silicon solar cell was created by 
Chapin, Fuller and Pearson in 1954. The technology at this point was still in its early stages, 
producing an efficiency of only 6% and costing around $200 (or $1500 in today’s prices (U.S. 
Bureau of Labor Statistics 2011)) per Watt. Funding and research into renewable energy 
technologies in the 1970s led to the interest in photovoltaics increasing, with a focus on 
creating more efficient and affordable devices (Nelson 2003). The interest in developing and 
improving solar cell technology is still current, with small photovoltaic systems being one of 
the most affordable options for electrifying off-grid remote and rural areas in developing 
countries, as well as providing a cleaner alternate energy source to fossil fuels (Sawin 2011).  2 
 
Solar cell technology, while much improved from its initial design, still has areas which could 
benefit from new developments, in particular the efficiency and cost of manufacture. By 
improving in these areas, photovoltaic technologies could establish a larger market and more 
effectively harness the sun’s energy in order to do work. In 2010, the highest confirmed 
efficiency of a single ‘one sun’ solar cell was 32 ± 1.5 %  GaInP/GaAs/Ge solar cell (Green et 
al. 2011).  
In order to obtain the highest efficiency possible, high quality materials should be used to 
produce the solar cells. A high quality material, in this case, would be one that minimises 
carrier recombination due to defects and impurities (Nelson 2003). One way in which to 
measure the quality of the semiconductor used in cell fabrication is to measure the minority 
carrier lifetime of the material.  
The minority carrier lifetime is the average time that generated electrons or holes exist 
before recombining. The minority carriers can recombine through a number of ways 
(radiative, auger and through defects) or become trapped within the material, thus removing 
their contribution to the photo-current or induced voltage, of the cell. Ideally the lifetime of 
the minority carriers should be as high as possible, in both the material used to synthesise 
the cell as well as the finished product (Carr 1992).   
The aim of this project is to map the minority carrier lifetime of silicon solar cells using 
variations of the open circuit voltage decay method. This was done in order to investigate 
how the minority carrier lifetime varies across a solar cell, and to compare the measured 
lifetime obtained using two different calculation methods.  
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2. Theory 
2.1 Solar Cell Basics 
 
In brief terms, a solar cell is a device that harnesses the photovoltaic effect in order to create 
electrical energy from incoming photons. This is the case whereby photons have an energy level 
sufficiently high to excite atomically bound electrons into higher energy levels. Usually these excited 
electrons would relax and return to their ground state, but a photovoltaic device, such as a solar cell, 
is designed so that the excited electrons are directed to an external circuit where they can do work 
before recombining (Nelson 2003).  
The typical structure of a crystalline silicon solar cell can be seen in Figure 2.1.  
 
Figure 2.1. Typical crystalline silicon solar cell structure (not to scale). From (Markvart and Castaner 2003). The optional 
intrinsic layer, or i-layer, is not shown here, but would be located between the n and p layers.  
Crystalline silicon solar cells are the most commonly used solar cells today, and consist of two main 
silicon components: the n-layer and p-layer. The n-layer, or negative layer, is made from silicon that 
has been doped using group V elements (such as phosphorus) in order to create an excess of 
electrons. The p-layer, or positive layer, is silicon that has been doped with group III elements, (such 
as boron) in order to create an excess of ‘holes’ within the silicon crystalline lattice (Ferrazza 2003) 
 The solar cell is created by joining the n-layer and the p-layer with the optional i-layer (intrinsic 
undoped silicon) in between. This creates an electric potential difference across the device. When 
photons enter the device they excite the electrons within the silicon to higher energy levels, creating 4 
 
an electron-hole pair. Due to the potential difference created by the p- and n- layers of the cell, the 
photo-generated electrons will be drawn to the n-layer within the cell (Figure 2.1). In order to 
harness this to create work, the n-layer and p-layer are joined by a circuit through the use of contacts 
on the front and back of the cell. The electrons then flow through the circuit in order to recombine 
with the generated electron holes (Carr 1992).  
While this is an example of a crystalline silicon solar cell, solar cells can be made from various 
materials such as other forms of silicon (amorphous or polycrystalline), gallium arsenide, copper 
indium-gallium diselenide or cadmium telluride, to name a few (Markvart and Castaner 2003). In this 
thesis the focus will be on the three types of silicon solar cell (monocrystalline, polycrystalline and 
amorphous). 
2.1.1 Solar Cell Characterisation 
 
There are many parameters which are of interest when investigating a solar cell. Common 
parameters, or characteristics, include the open circuit voltage, short circuit current, efficiency, 
maximum power, fill factor, series resistance, shunt resistance and minority carrier lifetime. These 
can all provide information about the cell and are useful when investigating the solar cell properties 
or manufacturing process (Nelson 2003). 
The main parameter investigated in this thesis is the minority carrier lifetime. The minority carrier 
lifetime is the average length of time that photogenerated electrons and holes last before 
recombining. This is an important parameter as it determines the voltage and current produced by 
the solar cell device. The minority carrier lifetime is also directly related to the diffusion length, which 
is the average distance that these photogenerated carriers can diffuse before recombining. The 
relationship can be described by  
Ln =                                                                                           (2.1) 
where Ln is the diffusion length (cm), Dn is the diffusion coefficient of the material (cm
2/s) and τn is 
the minority carrier lifetime (s). Due to this, the minority carrier lifetime should be as high as possible 
to ensure both a high voltage and current output by a solar cell (Cuevas and Sinton 2003).  
Other parameters measured in this thesis were the open circuit voltage (VOC) and the short circuit 
current (ISC). Under illumination, the open circuit voltage is the maximum voltage output by the cell, 5 
 
and can be found when the terminals of the cell are isolated. When the terminals are connected, the 
current is known as the short circuit current, and this is the maximum current output of the cell 
(Nelson 2003).  
2.1.2 Crystalline Silicon Solar Cells 
 
The most common type of crystalline silicon used in solar cells is multicrystalline, or polycrystalline, 
silicon.  This silicon consists of orientated grains of crystalline silicon. This type of silicon is 
manufactured by removing heat from a quartz crucible filled with molten silicon in such a way that 
the silicon grows in columns approximately 25cm in height and a few centimeters in width. The 
second most common type of crystalline silicon used in solar cell production is known as Czochralski 
(CZ) silicon. This silicon has a single directional grain, and is manufactured by slowly pulling an 
orientated seed crystal out of a molten silicon bath. In both instances, the created silicon ingots are 
cut into wafers through the use of an automated wire-sawing process (Ferrazza 2003). 
The silicon is then characterized before use in solar cell manufacture. Parameters of interest include 
resistivity, type, impurity content (such as carbon and oxygen), and minority carrier lifetime. Many of 
these characteristics, such as the resistivity and type, are measured before the bulk of the silicon is 
divided into wafers. These are measured in order to determine the wafer quality and to provide an 
insight into the properties, such as the homogeneity, of the material (Ferrazza 2003). 
Polycrystalline silicon is a popular alternative to CZ silicon as it is cheaper to produce and can still 
produce a relatively high efficiency solar cell. Great improvements in the efficiency of polycrystalline 
silicon have been made over the past 10 years by altering the manufacturing process to produce a 
larger average silicon grain size, and reduce impurities and defects within the grains. This results in a 
reduction in recombination centers, an increase in the average minority carrier lifetime, and 
therefore an increase in efficiency (this is covered in more detail in Section 2.2) (Ohshita et al. 2005).  
2.1.3 Amorphous Silicon Solar Cells 
 
Amorphous silicon is often created in the form of a thin film for use in solar cells. The most common 
method of production is Plasma Enhanced Chemical Vapour Deposition (PECVD). The use of this 
method allows for the properties of the silicon to be altered by changing the substrate temperature, 
flow rate of the source gasses (such as Silane – SiH4), system pressure, plasma properties, electrode 
spacing, etc. (Carlson and Wronski 2003).  6 
 
Amorphous silicon differs greatly to crystalline silicon due to the lack of long-range order within the 
structure. This results in features such as dangling bonds within the material. The unstructured order 
within the material also allows many different bond lengths and angles to be present. The result of 
this is that extra energy levels (gap states) are present in the band gap of the material (Carr 1992). 
These gap states influence the electronic properties of the material as they act as recombination 
centers (Carlson and Wronski 2003). 
Solar cells made from amorphous silicon have a p-i-n (positive-intrinsic-negative) structure instead of 
the direct n/p structure used in crystalline silicon cells. This is essential as the photogenerated 
carriers produced in the doped layers have too short a lifetime to contribute to the cell photocurrent, 
creating a need for an intrinsic layer. This intrinsic layer is where majority of the collected 
photogenerated carriers are created (Carlson and Wronski 2003).  
The cell parameters such as the minority carrier lifetime are much harder to determine in amorphous 
silicon. The measured value of the lifetime varies with the measurement technique used, and can 
change with variations in the experimental equipment. This includes changes in the incident light 
intensity and effectiveness of the contacts on the sample when being measured by either steady-
state or transient illumination methods. It has therefore been said that the lifetime in an amorphous 
semiconductor is not a well-defined quantity (Shen et al. 1994).  
2.2 Recombination Methods 
 
Generated carriers, such as electron-hole pairs, may recombine through a number of different 
methods. An understanding of these processes is important in light of the aims of this thesis, as the 
minority carrier lifetime is determined by the recombination of the carriers. There are numerous 
ways to classify these recombination processes, but two commonly defined categories are 
recombinations within the bulk of the material, and those that occur on the surface (Markvart and 
Castaner 2003). While studies of recombination in semiconductors has been extensively researched 
and reported upon, for practical reasons only a brief summary is given here.  
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2.2.1 Bulk recombination 
 
Three common types of recombination processes that occur in the bulk of a material are band-to-
band radiative recombination, band-to-band Auger recombination and recombination via defects. A 
schematic diagram is presented in Figure 2.2. 
 
Figure 2.2. A schematic diagram showing three of the main types of recombination pathways in 
semiconductors: Radiative, Auger and Defect-assisted (Shockley-Read-Hall). From (Markvart and Castaner 
2003). 
Band-to-band radiative recombination occurs when an excited electron in the conduction band 
returns to the valence band directly, releasing a photon with energy approximately equal to the band 
gap (Rein 2005). The rate at which this occurs is given by: 
Urad =                                                                                    (2.2) 
where Urad is the rate of radiative recombination, n is the electron concentration, p is the hole 
concentration, B is the radiative recombination coefficient and ni is the electron/hole concentration 
in the intrinsic semiconductor (Markvart and Castaner 2003).  
Band-to-band Auger recombination can be seen as an interaction between three particles. When 
energy is released upon the annihilation of an electron hole pair, this is passed to a third carrier 8 
 
which then releases its energy as phonons. The third carrier may be in either a hole located in the 
valence band, or a free electron in the conduction band (Rein 2005). This process is described by: 
UAuger = (Cp0p + Cn0n)(np – ni
2)                                                                 (2.3) 
where UAuger is the rate of Auger recombination, Cp0 and Cn0 are Auger recombination coefficients, n is 
the electron concentration, p is the hole concentration, and ni is the electron/hole concentration in 
the intrinsic semiconductor (Markvart and Castaner 2003).  
The third type of recombination covered here is recombination via defects. Defects in the 
semiconductor, such as impurities or imperfections in the crystal lattice (dislocations, vacancies, 
grains, etc) can result in discrete energy levels within the band gap. This provides a set of alternate 
transitions between the conduction and valence band. The recombination that occurs within the 
band gap is described by the Shockley-Read-Hall formula: 
          USHR =                                                                                                (2.4) 
where USHR is the recombination rate via defects with a concentration Nt and an energy level at Et, n is 
the electron concentration, p is the hole concentration, and ni is the electron/hole concentration in 
the intrinsic semiconductor, τp and τn are the lifetimes of the holes and electrons respectively which 
depend on the defect concentration. n1 and p1 are given by: 
                                                      (2.5) 
where T is the temperature (K) and k is Boltzmann’s constant (Markvart and Castaner 2003).    
Defects within a sample act as recombination centers, and have been shown to be one of the main 
determinants of the minority carrier lifetime. Generally, the fewer defects within the sample, the 
greater the minority carrier lifetime due to a decreased number of recombination centers (Ohshita et 
al. 2005).  
2.2.2 Surface recombination 
 
Surface recombination is recombination that is affected by surface features such as surface charging, 
dangling bonds and impurities. Surfaces of crystal structures, such as silicon often have numerous 
defects such as these due to the abrupt termination of the crystal structure at the edges (Rein 2005). 
These defects result in extra states in the band gap, similar to those created by defects in the bulk. In 9 
 
order to minimize recombination due to these effects, a passivation layer is used to prevent minority 
carriers from reaching the surface (Markvart and Castaner 2003).    
2.3 Minority carrier lifetime characterization 
 
The minority carrier lifetime is referred to as the most complicated parameter to measure and relate 
to processing quality of solar cells. The most successful commercial methods of performing this 
analysis on commercial silicon are the microwave photoconductance decay method (µ-PCD), and the 
quasi-steady state method (QSS). These processes are effective at measuring the minority carrier 
lifetime in a commercial situation as they are fast, inexpensive to perform and do not damage the 
samples under investigation (Ferrazza 2003). Other methods, such as switching transient analysis, can 
also be used to determine the minority carrier lifetime (Kurobe et al. 2002).  
2.3.1 Quasi-steady state method 
 
Of the techniques used to determine carrier lifetimes, the use of a steady-state illumination is rare. 
This is mainly due to the resultant heating of samples. In order to prevent this, quasi-steady state 
illumination is used. Here the illumination is reduced in intensity to zero over several milliseconds. 
This allows for the sample to avoid heating effects while the recombination processes can remain in a 
steady state (Rein 2005).  
 
The Quasi-Steady State Photoconductance (QSSPC) technique measures the changing permeability of 
a sample using a coil and a radio-frequency bridge. The changes in the permeability of the substance 
are used to measure the photoconductance, which in turn is used to calculate the effective minority 
carrier lifetime. For measurements of photoconductance and incident light intensity (both of which 
are needed for analysis), a reference cell or photodiode is required as well as calibrated instruments. 
This method allows for different recombination mechanisms (bulk and surface) to be separated 
(Sinton and Cuevas 1996).   
The QSSPC method does have some drawbacks, however. While it is a good method for samples with 
a minority carrier lifetime of less than 60µs (error of less than 1%), the error increases with the 
magnitude of the lifetime being measured. An effective minority carrier lifetime of 230µs would have 10 
 
an expected error of 10%. In these cases, changes to the illumination source must be made (Sinton 
and Cuevas 1996). 
Some of the main advantages of this technique are that it is relatively simple, the data can be easily 
interpreted, and analysis can be performed without the need for metallic contacts. This technique 
also provides information about other parameters of the cell, including the ideality factor, open-
circuit voltage and the saturation current density, making it a very useful and commonly used tool in 
process analysis (Sinton and Cuevas 1996). 
2.3.2 Microwave photoconductance decay method 
 
The microwave photoconductance decay method (µ-PCD or MW-PCD) is used to determine the 
minority carrier lifetime after a short pulse of excitation from an illumination source. In this process, 
changes in the sample photoconductance are measured by observing the changes in the microwave 
reflectance of the sample. This technique, unlike the QSSPC technique, is dependent on the injection 
level (ratio of the density of minority carriers to holes), and can only be used in small signal (low 
injection level) situations directly. Despite this drawback, it offers a high level of accuracy in small 
signal situations. Measurements at high carrier densities provides additional difficulty, requiring the 
use of a secondary illumination source (bias light) as well as integration of differential data to obtain 
the effective lifetime. When the injection level is intermediate or high the QSSPC technique is the 
preferred method over MW-PCD, as measurements can be made quickly and easily (Rein 2005). 
2.3.3 Open circuit voltage decay method 
 
The open circuit voltage decay method involves abruptly terminating an excitation source and 
measuring the subsequent open circuit voltage decay with time. Using a flash of light as an excitation 
source was first proposed in 1979 by Mahan et al. (1979), with the technique providing a simple set-
up. The open circuit voltage decay with time produces three theoretically distinct regions. The first 
region is linear, and corresponds to a high injection level within the cell. Here the relationship 
between the minority carrier lifetime and the open circuit voltage is given by: 
  .                                                                            (2.6) 
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The second region is also linear, and this corresponds to intermediate injection. Here the relationship 
is given by:  
                                                                                (2.7) 
 
The third region corresponds to a low injection level, and here the curve is exponential and given by: 
VOC = .                                                                                                    (2.8) 
In these equations, k is Boltzmann’s constant, T is the absolute temperature of the cell (K), q is the 
electron charge, VOC is the open circuit voltage (V), t is time (s), τ is the minority carrier lifetime (s) and 
V(0) is the voltage at the termination of excitation (Mahan et al. 1979). A theoretical decay curve 
showing these regions can be seen in Figure 2.3. 
 
Figure 2.3. An example of a theoretical open circuit voltage decay curve showing the three regions commonly seen. 
Region I represents high injection of electrons/holes, Region II intermediate injection and Region III low injection levels.  
(Mahan et al. 1979). 
 
In reality, all three of the regions may not be visible in the observed VOC decay curve. Region I may 
not be observed as the light intensity is too weak to produce a high enough injection level of 
electron/hole pairs. Regions II and III can often be seen in silicon solar cells. Even if all three regions 
are present, determination of the exact locations of the regions is difficult, and highly subjective. 12 
 
Often there is not a clear distinction where one region ends and the next begins, making 
interpretation of the data to a high level of accuracy difficult (Mahan et al. 1979).  
To further complicate the matter, data can often be masked by capacitance and shunt resistance 
effects, particularly in low injection level cases, which results in inaccuracies in the data obtained. 
Ideally, region II analysis should be performed in order to minimize the effects of capacitance on the 
results (Mialhe, Sissoko, and Kane 1987).   
In order to make sense of the data obtained, assumptions are often made in order to simplify the 
models used. Some examples of such approximations include, assuming that the bulk properties are 
homogenous, ignoring junction capacitance, shunt and series resistances, and carrier recombination 
in the intrinsic region (Ba and Kane 1995). Variations in the excitation source have also been shown 
to alter the measured minority carrier lifetime. Mialhe, Sissoko and Kane (1987) put it succinctly 
when they said “…there is no simple relation between the lifetime and the slopes or the time 
constant of the transient curves in the general case and it needs approximations to obtain the ideal 
case” (Mialhe, Sissoko, and Kane 1987).  
Despite the difficulty in obtaining reliable results using the open circuit voltage decay method, the 
simplicity in experimental design and execution, as well as the capability for spatial resolution, made 
it a viable choice in this experiment.  
A second method for analyzing the low level injection region (Region III) VOC decay data was described 
by Ranjan Solanki, and Lal (2008). The method proposed is applicable in situations where only Region 
III data is obtained, but here an approximation of the diode ideality factor is used. The minority 
carrier lifetime in this instance is calculated using the approximation: 
                                                                               (2.9) 
where τ is the minority carrier lifetime (s) within the base region of a p-n junction solar cell, η is the 
diode ideality factor, k is Boltzmann’s constant, T is the temperature (K), tOCVD is the time taken for 
the voltage to return to its initial level after excitation (s) and VOCVD is the  maximum open circuit 
voltage (V) (Ranjan, Solanki, and Lal 2008). 
The diode ideality factor was assumed to be 1.5 throughout the analysis performed by Ranjan, 
Solanki and Lal (2008). The diode ideality factor typically lies between 1 and 2, and is an indicator of 
how closely the behavior of the diode follows the ideal diode equation (Nelson 2003). This was done 13 
 
as an approximation, as the actual diode ideality factor was not experimentally obtained in their 
report (Ranjan, Solanki, and Lal 2008). A similar analysis method has been undertaken in this thesis 
for comparative reasons. As such, results obtained will not be the ‘actual’ value of the minority 
carrier lifetime, but instead they will serve as an indicator of the value. Minority carrier lifetimes in 
the region of 40-160µs were obtained using this method, and are comparable in order of magnitude 
to values obtained experimentally by Mahan et al. (1979) as well as others (Ohshita et al. 2005). 
2.3.4 Minority carrier lifetime mapping  
 
Mapping the minority carrier lifetime can be performed at various stages of solar cell construction, 
including prior to wafering of the silicon boule. This allows for segments of the material to be 
trimmed where the lifetime is low, and for the higher quality material to be used in cell construction. 
The minority carrier lifetime may also be measured on bare wafers or after junction formation. The 
range of stages at which the minority carrier lifetime can be assessed is useful when analyzing the 
manufacturing processes, as the quality and uniformity of the material used can be evaluated 
(Cuevas and Sinton 2003). 
Mapping of the minority carrier lifetime has been previously reported through the use of several 
different methods. One example is the microwave photoconductance decay method, which is often 
performed at the wafer level (Ohshita et al. 2005). This can also be used in order to investigate the 
effects of grain boundaries and defects within the wafer (Sugimoto et al. 2006). 
Another example of analysis at the wafer level is through the use of an infrared camera. This method 
works by measuring the infrared light absorbtion caused by optically excited free carriers within the 
wafer. This is an indirect method, as the camera constant ‘K’ is measured, which is then converted to 
values of the effective minority carrier lifetime (Bail et al. 2000). 
Other methods for mapping the minority carrier lifetime at the wafer level include a phase shift 
technique (Gervais et al. 1999 ; Palais, Martinuzzi and Simon 2001) and a light beam induced current 
method (Bail et al. 2000).  
Spatial determination of the minority carrier lifetime through the thickness of the completed solar 
cell has also been performed using the light beam induced current method, whereby the 
photocurrent was measured as a monochromatic light beam swept across the cell surface (Verhoef et 
al. 1990).  14 
 
Minority carrier lifetime mapping of a completed cell was also undertaken by Kurobe, et al. (2002). In 
this instance the 12.5 cm by 12.5cm multicrystalline silicon solar cells were physically divided using a 
diamond cutter into samples of size 12mm x 12mm. These segments were then analysed using 
switching transient analysis. This resulted in measured minority carrier lifetimes in the range of 0-50 
µs. The scan map did show some areas without data. At these locations measurements could not be 
made due to bad electrical connections (Kurobe et al. 2002).  
Minority carrier lifetime mapping performed using the open circuit voltage decay theory exclusively 
has not been widely reported, most likely due to the large number of inaccuracies involved with this 
method. However, this technique can be applied in such a way that entire solar cell modules could be 
scanned rather than individual wafers, without the need to physically damage the module. This could 
provide a method of performing post-production diagnosis of solar cells, with the resolution limited 
by the spot size of the illumination source. By using a focused light source at individual locations 
across a solar cell, it should be possible to apply the general theory to produce a map indicating areas 
where the minority carrier lifetime is changing across the cell. This process is likely to be influenced 
by the problems associated with the analysis of Region III data due to the relatively low intensity of 
the light source used, as well as effects of a reduced-open circuit voltage due to effects of non-
uniform illumination of the cell (Gopal, Dwivedi, and Srivastava 1986). Despite these issues, by 
comparing the results obtained by different methods, a good indication of the uniformity of the 
minority carrier lifetime, as well as regions where it is higher than others, could be able to be 
determined. 
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3. Methods 
3.1. System Design 
3.1.1 Physical Design  
 
The open circuit voltage decay was measured using the system shown in Figure 3.1 and 
Figure 3.2 
 
Figure 3.1. Schematic diagram of experimental equipment set-up 
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Figure 3.2. Photograph of system without the light proof cover. A: Thermocouple. B: Amorphous silicon solar 
cell (interchangeable). C: Cell height modifier. D: LED and lens/aperture system. E: X- and Y- stages. 
A 5mm, 40000mcd white LED was mounted above an adjustable aperture and 5cm focal 
length glass bi-convex lens. The aperture size, and distances between the components, were 
adjustable in order to change the size of the spot of light on the solar cell surface. For all of 
the experiments conducted, the spot of light was set to 2 ± 0.5mm in diameter. Due to the 
differing heights of the cells used, in order to maintain the spot size the cell was raised or 
lowered accordingly.  
This light system was mounted on a series of two Zaber T-L SR300A programmable stages, 
allowing the light to be moved in both x- and y- directions.  
In order to measure the temperature, an NI USB-TC01 thermocouple was used. This was 
placed next to the measured solar cell to measure the ambient temperature.  
All of the components were located inside a large aluminium box which was placed over the 
system to prevent light from external sources interfering with the experiment.  17 
 
Using LabVIEW 2010, the operation of the LED, measurements of temperature and 
movement of the Zaber stages was controlled. The data acquired (voltage decay with time) 
was obtained through the use of a PXI-6221 data acquisition card, also controlled using 
LabVIEW.  
3.1.2 Program design - data collection 
 
In order for the minority carrier lifetime to be mapped across the cell, individual 
measurements of the voltage decay with time were required at each point. For this to be 
done, the Zaber stages were programmed to move the LED in 1mm increments in both the x- 
and y- direction, over a distance equal to the area of the entire cell, or part of the cell, that 
was being investigated. At each point, the LED was programmed to provide a short burst of 
light (100ms) and the voltage was measured over the next 0.01 seconds. 40 individual light 
pulses and voltage measurements were taken and recorded at each point.  
3.2 Data analysis 
 
The curves obtained were analysed using two variations of the Open Circuit Voltage Decay 
method. Each method was programmed to be calculated automatically using LabVIEW, with 
the average of the calculated minority carrier lifetime of the 40 curves taken at each point, 
being recorded as the corresponding minority carrier lifetime for that location.  
In this way, scans of the minority carrier lifetime were taken of various cells. Two 
monocrystalline silicon solar cells (PP and WP), a polycrystalline silicon solar cell (DP) and an 
amorphous silicon solar cell (AP) were investigated using two variations of OCVD analysis 
listed in 3.2.2 and 3.2.3. The calculated values of the minority carrier lifetime, and their 
corresponding co-ordinates, were exported as an array to Microsoft Office Excel where they 
were further trimmed (as described in 3.2.4) and plotted to make visualizing the data easier. 18 
 
 
3.2.1 Data trimming 
 
Open circuit voltage decay curves did not begin at the same time in every instance. This is 
due to the limitations of the hardware being used (a Windows based operating system and 
internal clock did not have the capacity to offer a higher time resolution). This created a need 
for the data obtained to be trimmed, so that the points of the decay curve began at time 
zero as necessary for the calculations. The need for this is evident when considering that the 
time that the LED was on for varied slightly, so that the same ‘time zero’ point could not be 
used for all OCVD curves on all cells. There was also a noticeable effect due to background 
noise on the data obtained at low voltages, with these OCVD curves being hard to distinguish 
clearly. 
 
Due to these effects, data trimming values were set in place. When the measured maximum 
voltage of an OCVD curve was too low to be clearly distinguished from the background noise 
(less than 0.0065V), the data was ignored and the output data was replaced by an array of ‘0’ 
values  which outputs a calculated minority carrier lifetime of ‘not a number’. When the 
measured maximum voltage was substantially higher than the background noise, the OCVD 
curve was taken from 97% of the maximum voltage value to 2% of the maximum value. 
These values were found through trial and error, using one solar cell (PP) as a reference and 
kept the same for all cells to ensure consistency between trials. The limits used for all cells 
can be seen in Table 3.1, and an example of pre-trimmed and post-trimmed trimmed data 
can be seen in Figure 3.3. This trimmed data was then analysed in order to calculate the 
minority carrier lifetime. 
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Table 3.1- The values used in order to trim the OCVD curves   
Maximum recorded OCV  Upper limit (% of maximum)  Lower limit (% of maximum) 
0<V<0.0065  0  0 
0.0065<V<0.02  80  30 
0.02<V<0.05  85  5 
0.05<V<∞  97  2 
   
 
 
 
 
 
Figure 3.3. Image A (left image) shows an example of the raw data. The illumination in this case was 
terminated at t≈0.0025 seconds, with the rise in voltage after 0.006 seconds being caused by background 
effects. Image B (right image) shows an example of trimmed data- the effects of pre-LED-termination and the 
background are removed. Each point in Image B is separated by a time of 5x10
-6 seconds. Due to the 
constraints of the program used, both images are not from the same set of data. 
3.2.2 Method from Mahan et al.  
 
One method for calculating the minority carrier lifetime was presented in a paper in 1979 by 
Mahan et al. (1979) and is repeated here for the convenience of the reader.  The equation 
describing the decay in the third region is: 
VOC=                                                                                        (2.8) 20 
 
Here VOC is the open circuit voltage, k is Boltzmann’s constant, T is the absolute ambient 
temperature (K), t is the time, q is the electron charge, V(0) is the open circuit voltage at the 
termination of the light source (maximum voltage), and τ is the minority carrier lifetime 
(Mahan et al. 1979). 
In order to use this equation to calculate the minority carrier lifetime from the OCVD curves 
obtained, it was re-arranged to the following:  
                                                                   (3.1)                                
 
This allowed for the minority carrier lifetime to be calculated directly at each point along the 
decay curve (as each point has a corresponding time and voltage value). The calculated 
values for the minority carrier lifetime were then averaged, and this value taken as the 
calculated minority carrier lifetime for that decay curve.  
3.2.3 Method from Ranjan, Solanki and Lal. 
 
 Another method for calculating the minority carrier lifetime was presented in 2008 by 
Ranjan, Solanki and Lal (2008), and is repeated here for the convenience of the reader. Here 
the equation of the exponential decay is given by: 
                                                                                                              (2.9) 
                                                                               
where τ is the minority carrier lifetime, k is Boltzmanns constant, T is the absolute 
temperature (K), q is the electron charge, η is the ideality factor of the solar cell, tOCVD  is the 
time taken for the voltage to decay back to the level before excitation, and VOC is the open 
circuit voltage at the termination of excitation (maximum voltage).  
The ideality factor of the solar cells tested was not investigated, but instead a value of η = 1.5 
was used for all cells as was done by Ranjan, Solanki and Lal (2008). As such, the minority 21 
 
carrier lifetimes calculated are an approximation, with the variation of the value across the 
cell the main focus of this investigation.  
In order for this to be implemented in LabVIEW, the maximum voltage and total decay time 
were used directly in this equation, with this calculated value taken as the calculated 
minority carrier lifetime for that decay curve. 
3.2.4 Edge, reflection and low intensity effects 
 
Some maps of the minority carrier lifetime showed regions of unusually high values such as 
the edges of each wafer, or areas with large amounts of surface contacts. It was also noticed 
that some points produced a value for the minority carrier lifetime despite these points not 
being on the actual cell (such as between wafers, or on the metallic/plastic edges of the 
module).  
It was hypothesized that in these regions there was imperfect illumination from the LED on 
the cell, enough to create a voltage higher than the minimum threshold for trimming (as 
discussed in Section 3.2.1), but too low to produce a reliable value. This could occur in 
situations where the light spot was only partially on the cell, light to the cell was being 
blocked by surface contacts, or light was reflected onto the cell from other surfaces such as 
the sloped edges of the module or off of the module’s glass.  
In order to investigate these effects, two approaches were taken. The effect of the light 
intensity on the calculated minority carrier lifetime was investigated by having the spot of 
light from the LED focused on a central location and gradually increasing the voltage through 
the LED from 2.7 V to 3.3 V (the recommended operational running voltage) in 0.01 V 
increments. Increasing the voltage through the LED subsequently increased the intensity of 
the light. This was done at three locations on the cell in order to determine if a consistent 
relationship between the light intensity and minority carrier lifetime existed. The results of 
these trials can be found in Section 4.1.1.  22 
 
The second approach was to investigate the effect that was seen at the edges. In this 
instance, the spot from the LED was moved in 0.1mm increments onto the cell and the 
calculated minority carrier lifetime recorded. The spot of light began off the edge of the cell, 
and finished with the entirety of the spot of light on the cell. This was also done at three 
locations on the cell. The results of these investigations can be found in Section 4.1.2. 
The results from the light intensity trials showed that under low light intensities, whether 
caused by reflections or by the spot of light from the LED only partially on the cell, unusually 
high values of the minority carrier lifetime were seen. The locations where this was occurring 
were easily discernable from the rest of the cell, and as such these points were removed 
before plotting the data in Microsoft Excel. 
3.3 Current, Voltage and Maximum Power Measurements 
 
A system and program previously created by Dr. David Parlevliet was used in order to map 
the short circuit current, open circuit voltage and maximum power across each cell. This was 
done by scanning a red laser in 2mm increments across the cell. This system was also 
programmed in LabVIEW, and produced an array of measurements similar to those created 
when mapping the minority carrier lifetime which were then plotted in Microsoft Excel in 
order to visually see the variation across the cell, and to make comparisons between these 
measurements and the minority carrier lifetime measurements.  
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4. Results and Interpretation 
 
4.1. Effect of illumination intensity on the measured minority carrier lifetime 
 
The minority carrier lifetime maps that were produced in the initial stages of research 
showed that the minority carrier lifetime was much higher on the edges of cells, on areas 
with a large amount of metallic contact on the surface of the cell, or even in locations where 
there was no cell, such as the edges of the module or gaps between cells.  
In order to understand these effects, two factors were investigated. The first factor 
examined the effect of the LED intensity on the measured minority carrier lifetime. The 
voltage applied to the LED was increased in 0.01V increments from 0-3.3V, gradually 
increasing the intensity of the light produced.  It was hypothesized that when the spot of 
light from the LED was reflected onto the cell from other areas, such as the angled edges of 
the solar cell module, this light of reduced intensity would still be able to generate carriers in 
other parts of the module, with the minority carrier lifetime calculated from this data being 
abnormally high. This could explain why some areas which should not produce readings for 
the minority carrier lifetime were showing on the minority carrier lifetime maps. It might also 
suggest that in areas where photonic access to the cell was obstructed, the incident number 
of photons on the cell surface from the LED was not high enough to produce reliable data 
above the background noise. This test was done at three locations on the same solar cell 
(PP), and the results of these investigations can be seen in Section 4.1.1.  
In order to support this theory, especially on the edges of the solar cells, a second test was 
conducted. Here the LED was at normal running capacity (3.3V), but with the spot of light 
initially positioned to be touching, but not on, the edge of the cell. The spot of light from the 
LED was then moved over the cell in 1mm increments. It was hypothesized that when the 
spot of light was only partially on the cell, non-uniform values for the minority carrier 
lifetime would be obtained, being higher or lower than the surrounding areas. This was 
explored by performing this investigation at ten edge-of-cell locations on all four of the solar 24 
 
cells analysed in this report. A summary of the results from these trials is presented in 
Section 4.2.2. 
4.1.1. LED intensity effects 
Figure 4.1. Variation of the measured minority carrier lifetime with changes in the applied voltage to the LED. 
This was measured at three locations in the center of a monocrystalline silicon solar cell. The minority carrier 
lifetime was calculated using the method from Mahan et al. (1979). 
Figure 4.1 shows that at low LED voltages, thus low light intensities, the measured minority 
carrier lifetime at each location on the cell varies drastically. At applied voltages below 2.74V 
the illumination intensity was not enough to raise the open circuit voltage from the cell 
above 0.0065V, so the data was disregarded (see Section 3.2.1. for the data trimming limits). 
From here, the measured minority carrier lifetime decreases to approximately 40µs before 
again rising to around 110µs and again dropping to around 40µs. At an applied voltage above 
2.97V the measured minority carrier lifetime stabilizes.  
The three distinct regions are mostly an artifact of the way LabVIEW processes the OCVD 
curves according to the maximum open circuit voltage and trimming limits. The first peak 25 
 
and drop that can be seen in Figure 4.1 is attributed to using the trimming limit of 
0.0065V<V<0.02V. This means that if the maximum open circuit voltage was within this 
range, the first data point taken as the start of the OCVD curve would be 20% less than the 
maximum recorded voltage reading, and the last data point as 30% of the maximum voltage. 
The massive cutting of data means that some of the data points relevant to the OCV decay 
may be lost in the process, resulting in a value of the minority carrier lifetime that is more 
inaccurate and unreliable than the others. The second peak and drop is the result of the 
second set of trimming values, and the third, more stable region of the graph, showing the 
results of the third set of data trimming values. 
The minority carrier lifetime calculated at applied LED voltages above 2.97V were fairly 
consistent, with a standard deviation of up to 2.8µs, which is less than a 5% standard 
deviation from the mean in this region of the graph, in all three locations on the cell.  
These results support the hypothesis that when the intensity of the light incident on the 
solar cell was not high enough to reach the upper trimming limit, misleadingly high values of 
the minority carrier lifetime can be obtained. These values may be more than twice the size 
of the ‘stable’ carrier lifetime at each location. 
This considered, one may ask why all data obtained below the voltage threshold of 0.05V 
was not removed due to the inaccuracies caused by the larger trimming range and increased 
affects of the background. The main reason that this data was not omitted from the 
calculations, was that the measured open circuit voltage varied greatly across the analysed 
solar cells, and complete removal of these points would produce maps of the minority carrier 
lifetime that were largely incomplete. As such, the different levels of trimming were used, so 
that approximations could be made to the best of the current ability of the program in 
LabVIEW. As can be seen in Figure 4.1, the second peak and dip do not vary as much as the 
first, and are much closer to the stable measured carrier lifetime. This increasing precision, 
combined with the use of multiple calculations and averages at each point, minimizes these 
effects while still allowing for a wide range of data to be analysed.  26 
 
The peaks and dips in Figure 4.1 may not be purely the result of the data trimming values 
and maximum voltage. As the LED is designed to operate at 3.3V, there may have been a 
non-linear increase in the illumination intensity of the light source. In order to test this, 
measurements of the illumination intensity at each applied voltage should be made, but was 
not possible at that time. 
Increasing the illumination intensity may have also affected the injection level of the 
minority carriers in the solar cell. While in these tests only ’region III’ of the open circuit 
voltage decay, or low level injection regions, are clearly discernable there may be some 
intermediate level injection that occurs at the higher LED intensities. This cannot be 
confirmed from this data, and requires further experimentation to establish if it is an effect.  
4.1.2. Edge and reflection effects 
 
Figure 4.2. Variation of the measured minority carrier lifetime with changes in the percentage of the LED spot 
area on the cell. This was measured on all four solar cells that are investigated in this report. The minority 
carrier lifetime was calculated using the method from Mahan et al. (1979).  27 
 
Figure 4.2 shows the relationship between the measured minority carrier lifetime and the 
percentage of the LED spot that was on the cell. As can be seen in the graph, there is a large 
amount of variation in the measured values, with the minority carrier lifetime not reaching a 
stable value like the one observed in Figure 4.1. 
This is not a surprising result, since the LED is not in a static position, allowing different areas 
of the cell to be illuminated as it moves. These other areas under illumination may have 
differing electrical and structural properties to those measured before, thus affecting the 
reading of the minority carrier lifetime. This coupled with the effects of reduced intensity 
and data trimming can explain the fluctuations seen in the Figure 4.2.   
The effects of the percentage of maximum LED illumination can be seen in all four solar cells 
of interest. Three of four cells (AP, DP and PP) show a similar pattern to that seen in the 
previous intensity test, whereby the value fluctuates between peaks and troughs. The fourth 
cell, WP, does not follow this pattern, but instead displays an almost linear decay with 
increasing illumination. This linearity may be the result of the open circuit voltage not 
varying enough to switch between data trimming levels with increasing illumination. The 
missing readings of the minority carrier lifetime between 0 and 30% are due to the data 
being disregarded on account of the low maximum open circuit voltage.  
The main conclusion that can be drawn from these results is that the calculated value of the 
minority carrier lifetime on the edges of cells is highly dependent on the location of the LED 
illumination spot. Depending on the percentage of the spot on the cell, the calculated 
minority lifetime can vary by up to 255% (based on the results from the amorphous silicon 
panel). Since the proportion of the LED spot on the cell at any one time is not known in the 
minority carrier lifetime experiments, the values calculated on the edges of the cells cannot 
be treated as a reliable indication of the minority carrier lifetime at these locations. 
4.1.3. Deviation of measured values 
 
When the LED is in a stationary location, and operating at a fixed voltage high enough to give 
a valid reading then the calculated value of the minority carrier lifetime should be the same 28 
 
every time the program is run. In reality, this is not the case. Since the data trimming system 
is not 100% accurate, background effects are present. The timing of the LED termination is 
also not consistent therefore the calculated value of the minority carrier lifetime can vary 
significantly at each point between experimental trials. To minimize the effects of these 
random fluctuations, an average of the data is used. This average is calculated by having 
multiple LED pulses and curves analysed at each point on the cell then taking the value of the 
minority carrier lifetime found from each OCVD curve and calculating the average.  
It was found that the more LED pulses and OCVD curves analysed and included in this 
average, the less that the final value of the minority carrier lifetime varied. The results can be 
seen in Table 4.1.These measurements were made using a monocrystalline silicon solar cell 
(PP). The number of OCVD curves to analyse was set within the program in LabVIEW and the 
program was run ten times at a single location in order to determine the standard deviation 
of the calculated value.  
Table 4.1. Relationship between the number of OCVD curves obtained and analysed at each point on the cell 
and the deviation of the final calculated value of the minority carrier lifetime (MCL). 
Number of curves used to calculate 
the average minority carrier 
lifetime at each point on the cell 
Standard deviation of calculated 
MCL (µs), calculated using the 
method by Mahan et al. (1979). 
Percentage standard deviation of 
calculated MCL from the mean (to 
the nearest whole %). 
20  10.7  11 
30  4.6  4 
40  2.8  3 
100  1.9  2 
 
It can be seen in Table 4.1 that the calculated value of the minority carrier lifetime varied the 
least when an average of 100 OCVD curves were taken at each point. For practicality, an 
average of 40 curves at each point was used throughout the minority carrier lifetime 
mapping. Time constraints were the main reason why this decision was made, as an average 
of 100 curves at each point became too time consuming and was not practical in this 
situation. An average of 40 OCVD curves at each point provided fairly reliable data, 29 
 
consistently showing less than a 5% standard deviation from the mean in this and other 
trials. 
4.2. Parameter maps of the analysed solar cells 
 
Maps were made of each of the four solar cells investigated in this project, showing how the 
minority carrier lifetime, open circuit voltage, short circuit current and maximum power 
varied across each one. The following maps of each cell parameter show a scale 
representation of the cell or module analysed, with the dimensions presented on the x- and 
y- axes. 
The data used to create all of the maps was collected using programs within LabVIEW, and 
plotted using Microsoft Excel. The minority carrier lifetime data was calculated via two 
different methods, with the results from each plotted separately. The open circuit voltage, 
short circuit current and maximum power data was collected using a system and program 
designed by Dr. David Parlevliet. These results can be found in Section 4.2.1 to 4.2.4, with 
analysis of the maps discussed in Section 4.3. 
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4.2.1. Monocrystalline Cell 1 (PP) 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Photograph of the monocrystalline silicon solar cell used for analysis (PP).  
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Figure 4.4. Minority carrier lifetime map of PP calculated using the method from Mahan et al. (1979), and a 
LED spot size of 2mm (diameter) in 1mm increments.  
 
Figure 4.5. Minority carrier lifetime map of PP calculated using the method from Ranjan, Solanki and Lal 
(2008), and a LED spot size of 2mm (diameter) in 1mm increments.  32 
 
 
Figure 4.6. Open circuit voltage map of PP using a red laser spot size of 1mm (diameter) in 1mm increments. 
Data in this graph provided by Dr. David Parlevliet. 
 
Figure 4.7. Short circuit current map of PP using a red laser spot size of 1mm (diameter) in 1mm increments. 
Data in this graph provided by Dr. David Parlevliet. 33 
 
 
Figure 4.8. Maximum power map of PP using a red laser spot size of 1mm (diameter) in 1mm increments. 
Data in this graph provided by Dr. David Parlevliet. 
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4.2.2. Monocrystalline Cell 2 (WP) 
 
 
 
 
Figure 4.9. Photograph of the monocrystalline silicon solar cell used for analysis (WP).  
The red square indicates the segment of the module that was investigated.  
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Figure 4.10. Minority carrier lifetime map of WP  calculated using the method from Mahan et al. (1979), and 
using a LED spot size of 2mm (diameter) in 1mm increments.  
 
Figure 4.11. Minority carrier lifetime map of WP calculated using the method from Ranjan, Solanki and Lal 
(2008), and a LED spot size of 2mm (diameter) in 1mm increments. 36 
 
 
Figure 4.12. Open circuit voltage map of WP using a red laser spot size of 1mm (diameter) in 1mm 
increments. Data in this graph provided by Dr. David Parlevliet. 
 
Figure 4.13. Short circuit current map of WP using a red laser spot size of 1mm (diameter) in 1mm 
increments. Data in this graph provided by Dr. David Parlevliet. 37 
 
 
Figure 4.14. Maximum power map of WP using a red laser spot size of 1mm (diameter) in 1mm increments. 
Data in this graph provided by Dr. David Parlevliet. 
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4.2.3. Polycrystalline Cell (DP) 
 
 
 
 
 
Figure 4.15. Photograph of a polycrystalline silicon solar cell used for analysis (DP).  
The red square indicates the segment of the module that was investigated. 39 
 
 
Figure 4.16. Minority carrier lifetime map of DP  calculated using the method from Mahan et al. (1979), and a 
LED spot size of 2mm (diameter) in 1mm increments. 
 
Figure 4.17. Minority carrier lifetime map of DP  calculated using the method from Ranjan, Solanki and Lal 
(2008), and a LED spot size of 2mm (diameter) in 1mm increments. 40 
 
 
Figure 4.18. Open circuit voltage map of DP using a red laser in 2mm increments.  
 
Figure 4.19. Short circuit current map of DP using a red laser in 2mm increments. 41 
 
 
Figure 4.20. Maximum power map of DP using a red laser in 2mm increments. 42 
 
4.2.4. Amorphous Cell (AP) 
 
Figure 4.21. Photograph of an amorphous silicon solar cell used for analysis (AP).  
The red square indicates the segment of the module that was investigated.  
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Figure 4.22. Minority carrier lifetime map of AP calculated using the method from Mahan et al. (1979), and a 
LED spot size of 2mm (diameter) in 1mm increments. 
 
Figure 4.23. Minority carrier lifetime map of AP calculated using the method from Ranjan, Solanki and Lal 
(1979), and a LED spot size of 2mm (diameter) in 1mm increments. 44 
 
 
Figure 4.24. Open circuit voltage map of AP using a red laser in 2mm increments. 
 
Figure 4.25. Short circuit current map of AP using a red laser in 2mm increments. 
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Figure 4.26. Maximum power map of AP using a red laser in 2mm increments. 
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4.3. Analysis of the minority carrier lifetime maps 
4.3.1. Monocrystalline Silicon Cell 1 (PP) 
 
The minority carrier lifetime maps of the monocrystalline silicon solar cells in the module ‘PP’ 
are presented in Figures 4.4 and 4.5. For comparative purposes, a photo of the module 
analysed is given in Figure 4.3, and the open circuit voltage, short circuit current and 
maximum power distribution graphs presented as Figures 4.6 to 4.8.    
The minority carrier lifetime maps clearly show the shape of the cells as well as the location 
of the contacts on the surface of each cell. By comparing these maps to the photograph 
given in Figure 4.3, it can be seen that there are some areas which appear on the minority 
carrier lifetime maps that correspond to areas which should not be providing a reading of the 
minority carrier lifetime, such as the edges of the module and between cells. The calculated 
value of the minority carrier lifetime at these locations is much higher than in the cell 
regions. This is most likely a result of reflections and decreased intensity illumination, as 
discussed in Section 4.1. Since these points do not provide any valuable information on the 
minority carrier lifetime distribution, they should be ignored in this context.  The edges of 
some of the cells within the module also show a significantly higher reading of the minority 
carrier lifetime than the other areas. This, again, is most likely to be a result of the 
fluctuations in the measured minority carrier lifetime caused by the LED spot not being 
completely on the cell.  
Another notable feature of the minority carrier lifetime maps is that the contacts on the cell 
surface are clearly visible. A possible explanation of this can be made when observing the 
short circuit current, open circuit voltage and maximum power maps (Figures 4.6-4.8). Here 
the areas with contacts show a lower reading than those without. This is as expected, as the 
metallic contact blocks photons, not allowing them to reach the surface of the cell and 
generate carriers. The reduced voltages caused by some of the incident light not reaching 
the cell, may have resulted in an effect similar to that seen in the LED intensity 
investigations, especially if the maximum open circuit voltage dropped below 0.02V in these 47 
 
areas, as a different set of data trimming values would have been used. Although the voltage 
was not seen to drop this low in Figure 4.6, due to the different illumination sources used in 
the mapping process this remains a possibility. 
 Furthermore, it can be seen that the minority carrier lifetime maps provide no data for one 
of the cells, seen in the bottom left of Figure 4.3. The voltage distribution information as 
seen in Figure 4.6 shows the measured voltage in this location was low when compared to 
the rest of the cell. Since the program in LabVIEW was designed to eliminate all open circuit 
voltage decay curves with a maximum voltage less than 0.0065V, it can be said that this area 
had a maximum open circuit voltage that was less than this value. From this it can also be 
seen that the voltage produced in the cell from the white LED illumination source is less than 
that produced by the laser. If the maximum open circuit voltage in this region was over 
0.0065V, some readings would have appeared in this location on the minority carrier lifetime 
map. 
The minority carrier lifetimes calculated using different equations resulted in minority carrier 
lifetime maps that showed the same trends, but different lifetimes. In general, the lifetime at 
each location on the map that was calculated using the theory from Mahan et al. (1979) was 
much lower than the value calculated from the method presented by Ranjan, Solanki and Lal 
(2008). Despite the calculation method used to obtain the values of the minority carrier 
lifetime, the areas on the cell that showed a comparatively high or low minority carrier 
lifetime can be seen consistently between the two maps (Figures 4.4 and 4.5).   
The extent of agreement between the two maps is somewhat surprising considering the 
substantial variation of the calculation methods (one is calculated at every point on the open 
circuit voltage decay curve; the other using a single calculation using the maximum open 
circuit voltage and the total time for the open circuit voltage to decay). The complementary 
nature of the relative minority carrier lifetime distribution between the two methods 
supports the claim that the minority carrier lifetime was not uniform across all cells within 
the module. However, the variation of the magnitude of the minority carrier lifetime 
between the two calculation methods shows that the effective minority carrier lifetime 48 
 
cannot be accurately determined through the use of the open circuit voltage decay 
technique. Nevertheless, the lifetimes, once edge and low intensity effects are excluded, are 
comparable to the minority carrier lifetimes found by Ranjan, Solanki and Lal (2008), whose 
lifetime values ranged from 43.69-154.27µs. In both of the minority carrier lifetime maps 
created in this project, the lifetime was found to be below 200µs.  
The areas of the solar cell module that displayed cells with a high minority carrier lifetime did 
not necessarily result in the same areas having a high maximum power or short circuit 
current, although a low degree of correlation is visible. This is not surprising, as these 
parameters of the cell are not determined by the minority carrier alone. 
4.3.2. Monocrystalline Crystalline Cell 2 (WP) 
 
The minority carrier lifetime maps of the monocrystalline silicon solar cells in the module 
‘WP’ are presented in Figures 4.10 and 4.11. For comparative purposes, a photo of the 
module analysed is given in Figure 4.9, and the open circuit voltage, short circuit current and 
maximum power distribution graphs presented as Figures 4.12 to 4.14.    
The minority carrier lifetime maps clearly show the location of the contacts on the cell 
surface, as well as the general shape of the section of the module analysed, with the 
exception of the top solar cell wafer, which is not visible. Unlike the maps of the minority 
carrier lifetime provided for the other monocrystalline silicon solar cell (PP), here the post-
calculation data has been trimmed prior to graphing to more clearly show the minority 
carrier lifetime distribution. All calculated values of the minority carrier lifetime in Figure 
4.10 above 80µs were removed, and all values up to 200µs were removed in Figure 4.11. The 
top part of the map (between 0-22mm from the upper edge of the map) was not visible prior 
to these changes being made. The effect of this post-calculation trimming was that some of 
the visible effects of the LED reflections and reduced intensity were removed.  
The large metallic contacts on the surface of the cell are also not visible on the maps, as the 
open circuit voltage output at these locations was too low. The finger contacts on the surface 
of each cell are still visible. Each solar cell wafer has a relatively uniform minority carrier 49 
 
lifetime distribution, with differences in the average minority carrier lifetime between cells 
being visible.   
The uniformity of the minority carrier lifetime across each cell is expected and is mostly due 
to the lack of grain- or sub-grain boundaries in the silicon structure. The location of chemical 
impurities, as well as other physical defects within the silicon, can result in variations in the 
minority carrier lifetime with position (Verhoef et al. 1990).  
The minority carrier lifetime maps both show that the third visible cell from the top of the 
module has the lowest minority carrier lifetime. Both maps also show that the top two visible 
cells have the highest measured minority carrier lifetimes. Although this is not clearly visible 
in Figure 4.10 due to the lack of colour differentiation on the graph, the minority carrier 
lifetime in the top two visible cells was between 30µs and 40µs, and the fourth visible cell 
had a range of lifetimes between 20µs and 30µs. The third visible cell from the top in Figure 
4.10 showed a minority carrier lifetime range of 10µs to 20µs.  
The top visible cell in Figure 4.11 showed an average minority carrier lifetime ranging from 
80µs to 150µs. The cells directly below this one had average minority carrier lifetimes 
ranging from 100µs to 150µs, 20µs to 40µs and 40µs to 80µs respectively. The lack of colour 
differentiation on the minority carrier lifetime map, shown in Figure 4.11, means that these 
lifetime ranges cannot be directly read to this level of accuracy. Instead, analysis of the raw 
data was performed in order to determine these lifetime ranges. 
As noticed previously, the analysis of the minority carrier lifetime maps produced from the 
different calculation methods shows that the lifetimes calculated using the method from 
Ranjan, Solanki and Lal (2008) are much higher than those calculated using the method from 
Mahan et al. (1979). However, the cells showing a higher minority carrier lifetime than the 
others in the same module are seen to be higher despite the calculation method used. 
There is some correlation between high minority carrier lifetime and a high open circuit 
voltage, short circuit current and maximum power in these trials. This is expected, as a high 
minority carrier lifetime should improve the electrical characteristics of the cell (Carr 1992). 50 
 
The uppermost cell is shown to have a very low open circuit voltage (less than 0.1V), as well 
as a low short circuit current (less than 10µA) and maximum power (less than 1µW). Due to 
the low maximum open circuit voltage, this region did not appear on the minority carrier 
lifetime maps. The second and third cells from the top of the module were seen to have the 
highest minority carrier lifetimes. The corresponding locations on the open circuit voltage, 
short circuit current and maximum power graphs were also shown to be the highest of the 
five cells analysed. This was not the case for all of the cells, as the cell that exhibited the 
lowest minority carrier lifetime of the four visible cells was not the cell that showed the 
lowest open circuit voltage, short circuit current and maximum power. 
4.3.3. Polycrystalline Silicon Cell (DP) 
 
 The minority carrier lifetime maps of the monocrystalline silicon solar cells in the module 
‘DP’ are presented in Figures 4.16 and 4.17. A photo of the module analysed is given in 
Figure 4.15, and the open circuit voltage, short circuit current and maximum power 
distribution graphs presented as Figures 4.18 to 4.20.  
The minority carrier lifetime maps presented in Figures 4.16 and 4.17 are not a direct plot of 
the raw data, but are again a map of the data after it has been trimmed post-collection. The 
minority carrier lifetime map created from the method proposed by Mahan et al. (1979) has 
had all data points showing a minority carrier lifetime greater than 150µs removed. The 
second map created from the data from the method proposed by Ranjan, Solanki and Lal 
(2008) has had all values of the minority carrier lifetime greater than 400µs removed. The 
values removed through this process were the ones obtained between the solar cells, an 
obvious effect of reflections and low illuminations, and this made the variation of the 
minority carrier lifetime across the cells more easily observable.  
The location of the large metallic contacts on the surface of the cell, as well as the space 
between the solar cells is easily discernable from the minority carrier lifetime map, with 
these features showing raised areas (LED intensity and edge effects) or regions without a 
reading of the minority carrier lifetime. The smaller, finger contacts on the cell are not easily 51 
 
differentiated from the lines appearing across the cell which are a result of the way that the 
data was collected (scanning across the cell).  
The maps of the open circuit voltage, short circuit current and maximum power were created 
using the same program as the maps shown in 4.2.1 and 4.2.2, but with a lower resolution. In 
these maps, the laser was moved in 2mm increments instead of 1mm increments. This 
decrease in resolution means that the large contacts, as well as the space between cells, are 
visible, but the finger contacts are not visible in these scans.  
The minority carrier lifetimes were seen to vary between cells, with some variation seen 
across individual cells. The top left cell seen on the minority carrier lifetime maps shows the 
largest variation, with a calculated minority carrier lifetime range of 40µs to 130µs in Figure 
4.16, and ranging from 100µs to 400µs in Figure 4.17. On this cell, the areas which show a 
higher minority carrier lifetime on one graph are also seen on the other. The range of 
lifetimes seen on both graphs (within the range of 50µs to 400µs) is comparable to the range 
of lifetimes measured in polycrystalline silicon, where a range of 15µs to 360µs was reported 
(Ohshita et al. 2005). 
There is not a clear relationship between the open circuit voltage, short circuit current and 
maximum power distribution graphs and the minority carrier lifetime distributions. The main 
similarity observed is between Figure 4.16, the map of the lifetime calculated using the 
method from Mahan et al. (1979), and Figure 4.18, the map of the open circuit voltage 
distribution. In both of these maps, the top cell of each side is seen to have a lower reading 
(both minority carrier lifetime and voltage) than the two cells beneath.   
The minority carrier lifetime was expected to vary more in these cells than the minority 
carrier lifetimes measured on the monocrystalline cells due to the presence of grain 
boundaries throughout the material, which act as recombination centers (Kurobe et al. 
2002). However, when large (>1cm) grains are present, this relationship is much less 
significant, with other structural defects or chemical impurities having a much larger effect 
on the measured minority carrier lifetime (Ohshita et al. 2005). The grains visible in the cells 
seen in Figure 4.15 varied in size, but were still large when compared to the average 52 
 
diffusion length of carriers in silicon (in the µm range), or when compared to the spot size of 
the LED illumination. Unless there was a large difference in the minority carrier lifetime 
between these grains, the grain boundaries were not expected to be obvious on the minority 
carrier lifetime maps.  
4.3.4. Amorphous Silicon Cell (AP) 
 
The minority carrier lifetime maps of the amorphous silicon solar cell ‘AP’ are presented in 
Figures 4.22 and 4.23. A photo of the module analysed is given in Figure 4.21, and the open 
circuit voltage, short circuit current and maximum power distribution graphs presented as 
Figures 4.24 to 4.26. 
The minority carrier lifetime maps presented in Figures 4.22 and 4.23 are not a direct plot of 
the raw data, but are again a map of the data after it has been trimmed post-collection. The 
minority carrier lifetime map created from the method proposed by Mahan et al. (1979) has 
had all data points showing a minority carrier lifetime greater than 200µs removed. The 
second map created from the data from the method proposed by Ranjan, Solanki and Lal 
(2008) has had all values of the minority carrier lifetime greater than 500µs removed. The 
main result of this was that one of the lines of cell is no longer visible (fourth from the right). 
This decision was made based on the open circuit voltages within this region, with the 
voltages being significantly lower here than the rest of the cell (Figure 4.24). As such, it was 
determined that the abnormally high values of the minority carrier lifetime (up to 750µs in 
Figure 4.22 and 1750µs in Figure 4.23) may be a result of background interference effects 
and were removed. 
As in the studies of the monocrystalline and polycrystalline silicon minority carrier lifetime 
maps, there is excellent agreement between the two calculation methods, with the highest 
regions, and some of the lowest regions being common to both sets of results. The highest 
visible minority carrier lifetime region on both graphs, seen as the sixth strip of cell from the 
right after data trimming, may be an artifact of the lower open circuit voltage in this region, 
and as such a result of the effects of the background providing a measured value of the 53 
 
minority carrier lifetime that is higher than actuality. Since this cannot be reasonably 
assumed, the magnitude of the carrier lifetime within this region compared to the rest of the 
cell cannot be conclusively defined.  
There is not a clear relationship observed between the open circuit voltage, short circuit 
current and maximum power distribution and the minority carrier lifetimes. This is 
particularly obvious when considering that the open circuit voltage is relatively uniform in 
some areas of the cell (such as the regions showing the highest voltage in Figure 4.24, which 
were measured as being between 0.5V and 0.6V), yet there is a clearly visible difference 
between the minority carrier lifetimes measured in these regions.  
An important difference to consider between the minority carrier lifetime maps produced for 
the amorphous silicon solar cell when compared to the others, is that the decay mechanisms 
that are at play in amorphous silicon differ significantly to those of the crystalline forms of 
silicon. Due to the band-tail and defect states within amorphous silicon, measurement of the 
minority carrier lifetime is highly dependent on the experimental conditions, with the 
measured lifetime varying depending on the technique used (Shen et al. 1994). Due to this, 
the light intensity used, or effectiveness of the contacts on the sample can greatly influence 
the calculated value of the minority carrier lifetime. As such, the results presented in this 
section carry a larger amount of uncertainty. Another factor to consider here is that the 
amorphous silicon appears to be constructed from a single divided silicon film rather than as 
separately deposited films connected together. The minority carrier lifetime therefore would 
not be expected to exhibit uniformity across each contact while showing large differences 
between segmented areas. These external influences could be completely masking the true 
minority carrier lifetime. Further discussion of the inaccuracies involved in the interpretation 
of the data can be found in Section 4.3.6.  
4.3.5. Comparison of results from differing solar cell types 
 
The minority carrier lifetime maps produced from the monocrystalline, polycrystalline and 
amorphous cells all show the effects of the electrical contact and intensity of the incident 54 
 
light. While the effect of the back contact was most prominent on the maps of the 
amorphous silicon, it is likely to be a factor influencing the results from all of the cells 
analysed. However, differences in the minority carrier lifetimes seen between the 
monocrystalline and polycrystalline cells in a module, or across each cell, may also be due to 
differences in the silicon wafers used in the construction of the cells.   
The minority carrier lifetime was not seen to vary much across each cell in the 
monocrystalline solar cell analysis (WP and PP), but was seen to vary between cells/wafers. 
The minority carrier lifetime maps of the PP monocrystalline silicon solar cell module show 
that the majority of the modules/cells have a minority carrier lifetime between 20µs and 
60µs (Figure 4.4) and 100µs and 200µs (Figure 4.5), depending on the calculation method 
used. The second monocrystalline silicon solar cell module analysed (WP) showed that the 
majority of the area analysed had a minority carrier lifetime around 20µs to 40µs (Figure 
4.10) and 50µs to 150µs (Figure 4.11). The sections of each module that had an average 
minority carrier lifetime that differed from the majority also showed differences in the open 
circuit voltage, short circuit current and maximum power parameter maps in the same 
locations. These differences in the measured minority carrier lifetime may be due to the 
differing quality of the back contact used for each wafer/cell, or due to the differing quality 
of the silicon wafers used. Differentiation between the effects of these two factors is hard to 
determine without further work.  
The polycrystalline silicon solar cell module analysed (DP) showed a similar range in the value 
of the minority carrier lifetime to the monocrystalline cells, with the majority of the locations 
across the cell showing a lifetime between 50µs and 100µs (Figure 4.16), and 100µs and 
200µs (Figure 4.17). The amorphous silicon solar cell showed a much larger variation of the 
minority carrier lifetime, ranging up to 200µs in Figure 4.22 and up to 500µs in Figure 4.23.  
The minority carrier lifetime was seen to be less uniform on some of the cells in the DP panel 
than those seen in the monocrystalline cells. This may be a result of the different grains 
within the polycrystalline silicon wafer. The large range of lifetimes seen in the amorphous 55 
 
silicon is most likely to be due to the electrical contacts, rather than differences in the actual 
minority carrier lifetime of the amorphous silicon. 
The lifetimes calculated in all four solar cell cases were comparable to those obtained by 
others. Lifetimes ranging from 5µs to 25µs were reported by Mahan et al. (1979), and 
lifetimes ranging from 43.69µs to 154.27µs were reported by Ranjan, Solanki and Lal (2008). 
Minority carrier lifetimes up to 60µs have also been reported for polycrystalline silicon solar 
cells using a reverse recovery switching transient analysis technique (Kurobe et al. 2002), and 
between 15µs and 360µs for polycrystalline silicon wafers, found from photocurrent decay 
measurements (Ohshita et al. 2005). Lifetimes ranging up to 450µs have also been found for 
amorphous silicon samples, but the values obtained were seen to be highly dependent on 
the technique used, varying by up to 449.8 µs for a single sample (Shen et al. 1994).  Based 
on these results, it can be seen that the calculated values of the minority carrier lifetime 
obtained in these experiments are within the range of those obtained by others using similar 
or different techniques.  
In all four silicon cells analysed there is quite a high level of agreement between the lifetime 
distribution maps produced by the two different calculation techniques. Since both 
calculation techniques are dependent on the total open circuit voltage decay time and the 
maximum open circuit voltage, and since both sets of calculations were performed on the 
same set of data at each point, this result is not surprising. The minority carrier lifetimes 
calculated using the method by Mahan et al. (1979) were consistently lower than those 
calculated using the method from Ranjan, Solanki and Lal (2008), which may be the result of 
the use of the diode ideality factor, as well as the many assumptions used to derive the 
calculations in both cases.  
4.3.6. Reliability of values and limitations 
 
While the resultant minority carrier lifetime values calculated at each point were seen to 
have less than 5% deviation from the mean (Section 4.1.3), it is clear that the results from 
both calculation methods used carry great uncertainty, with error margins greater than the 56 
 
deviation. This uncertainty is particularly evident when considering the existence of 
capacitance and resistances within the cells and connecting circuits, the use of the ‘ideality 
factor’ in the method by Ranjan Solanki and Lal (2008). It is also possible to question if the 
minority carrier lifetime decay analysis calculations should be applied equally to solar cells 
with different structures and decay mechanisms.  
The time taken for the open circuit voltage decay to occur was comparable to the range of 
total decay times presented by Ranjan, Solanki and Lal (2008), whose experiments were 
performed using a low injection level of carriers in the solar cells. The effect of capacitance is 
likely to have affected the results, as it is known to slow the last stages of open circuit 
voltage decay (Mahan et al. 1979). In this analysis it was assumed that the capacitance of the 
cell was uniform, so that the relative difference in minority carrier lifetime, or regions of high 
minority carrier lifetime compared to a low minority carrier lifetime, could be determined, 
even though an accurate value of the lifetime could not be determined. The effects of 
capacitance were not discussed in the paper by Ranjan, Solanki and Lal (2008). The 
capacitance at each location, and its effects, cannot be separated from the open circuit 
voltage decay data obtained in these experiments. As such, this places a level of uncertainty 
on the results of these experiments. 
The methods used to calculate the minority carrier lifetime also assume that the minority 
carrier lifetime is determined by the charge stored in the base region of the solar cell 
junction. In this way, the analysis treats the solar cell as though it were a single-sided 
junction (Mahan et al. 1979). Other effects which complicate the interpretation of the open 
circuit voltage decay curves are, the effect of resistance (such as shunt resistance), the non-
ideal properties of the cell and the finite cell base width (Carr 1992).    
The effects of non-uniform illumination on the cell have been seen to result in a decrease in 
the observed open circuit voltage. Since both calculation methods depend upon the open 
circuit voltage, it is also likely to have had an impact on the results. Ranjan, Solanki and Lal 
(2008) employ a diode ideality factor (η) in order to account for this, taking a value of η = 1.5 
throughout their experiments. So that the lifetimes obtained in these experiments could be 57 
 
directly compared to those obtained by Ranjan, Solanki and Lal (2008), a diode ideality factor 
of 1.5 was again used. The use of this ideality factor across all cells of differing construction 
and composition presents a significant uncertainty in the calculated minority carrier lifetime. 
The diode ideality factor is likely to change between cells, and a value of η = 1.5 cannot be 
guaranteed to be accurate for any one cell without further investigation. Since this ideality 
factor only changes the magnitude of the minority carrier lifetime calculated, and was used 
consistently across each cell, it should not affect the lifetime carrier distribution, in that the 
relatively high and low minority carrier lifetime regions on each cell would still be visible 
despite a change in the diode ideality factor. 
Another assumption made in the analysis of the open circuit voltage decay curves was that 
the time of termination of the LED was negligible compared to the total time taken for the 
open circuit voltage decay to occur. Although assumed to be true in these experiments, this 
was not experimentally investigated and cannot be known conclusively. If the time for LED 
termination was greater than assumed, excitation of the cell during the open circuit voltage 
decay would occur, resulting in an increase in the time taken for the decay to occur and 
increased errors in the calculation of the minority carrier lifetime.  
Another important factor that needs to be considered is the appropriateness of the use of 
this type of analysis on different internal cell structures. While the calculation methods used 
in these experiments have been used on monocrystalline and polycrystalline silicon solar 
cells for analysis, it has been shown that it is insufficient to fully describe the decay in 
polycrystalline silicon cells (Ba and Kane 1995), with the minority carrier lifetime in 
amorphous silicon cells being a highly complex and multi-exponentially time dependant 
quality (Carr 1992). The use of the calculation methods proposed by Mahan et al. (1979) and 
Ranjan, Solanki and Lal (2008), which were designed for crystalline silicon analysis, are 
therefore not sufficient in the amorphous case. The results from the amorphous cells also 
appear to be highly dependent on the electrical contacts of the cell, as mentioned in Section 
4.3.4, making the lifetime distribution shown in the maps dubious.  This high dependence on 
the electrical contacts suggests that this method could be applied as an indicator of the 58 
 
quality of the back contact, especially if the minority carrier lifetime distribution is relatively 
uniform across a cell.  
One of the main difficulties encountered in this project was the ability to separate, or reduce 
the effects of the background voltage readings seen in the measured open circuit voltage. 
The effect of the background can be seen in Figure 3.3a, whereby the open circuit voltage is 
seen to increase after termination of illumination. The major component of the background 
was sinusoidal, showing a frequency of 50Hz, and a magnitude of 0.002V (but changing 
slightly, depending on the cell). Due to this, the ‘end point’ of the open circuit voltage decay 
could not be taken as the point where the value of the voltage stops changing, nor could it 
be taken as the minimum value observed during the data collection period, resulting in the 
data  trimming values described in Section 3.2.1. Therefore at low voltages, the background 
had a larger influence on the data, with the magnitude of the background being a larger 
percentage of the maximum voltage obtained. As the maximum open circuit voltage 
increased, so too did the amount of data that was differentiable from the background.  
In order to maximize the amount of cell that could be mapped, a wide range of voltages need 
to be analysed, which is why the program in LabVIEW was designed to cater for these low 
voltages, taking a smaller number of data points and calculating a minority carrier lifetime 
from these. The result of this was that the calculated minority carrier lifetimes were 
sometimes inaccurate as could be found by comparing the results of the automatically 
calculated values at some points, and the value calculated when the process was done by 
hand. This was a result of the limited number of data points available and difficulty in 
differentiating the curve from the background. Due to this uncertainty some areas showed a 
minority carrier lifetime in the same location that low voltages were observed were removed 
from the lifetime maps. Often these values were in excess of the expected range, and 
including them in the map made the other regions harder to distinguish due to the limited 
number of colour differentiations available using Microsoft Excel to plot the data.  
The minority carrier lifetime that is calculated is therefore highly dependent on the 
maximum voltage as this also determines the data trimming ranges used. This could explain 59 
 
why there is an inconsistent relationship between the maximum open circuit voltage and the 
minority carrier lifetimes obtained.  
Although many of the external effects on the calculated minority carrier lifetime cannot be 
separated from the data, the lifetime maps created show the combined effect of the quality 
of the back contact as well as the quality of the material used. Due to this, this analysis 
technique can still be used as a diagnostic tool to identify the areas of the cell or module that 
have comparatively low performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 60 
 
5. Conclusions and future work 
5.1. Conclusions 
 
The aim of this project was to map the minority carrier lifetime of several solar cells using 
variations of the open circuit voltage decay method. The aim was met, in so much that the 
open circuit voltage decay method was applied spatially to provide a visual indication of how 
the minority carrier lifetime varied across the cells. However, the results were somewhat 
inconclusive, due to many assumptions made in the theory, as well as complications arising 
due to programming, electrical contacts, low measured open circuit voltages, reflections and 
other low light intensities, the effect of background interference and the limitations of the 
theory when considering cells with silicon structures other than monocrystalline.  
The minority carrier lifetimes calculated using the method by Mahan et al. (1979) were 
consistently lower than those calculated using the method from Ranjan, Solanki and Lal 
(2008). The maximum minority carrier lifetime seen using the method from Mahan et al. 
(1979) was less than 200µs, with the maximum minority carrier lifetimes calculated using the 
method from Ranjan, Solanki and Lal (2008) being up to 500µs. The minority carrier lifetimes 
obtained in these experiments, including the results between cell types and calculation 
methods, are within the range of minority carrier lifetimes reported by other researchers. 
Both calculation methods used produced minority carrier lifetime distribution maps which 
were fairly coherent. Both techniques consistently showed regions which had a calculated 
minority carrier lifetime higher than the others in the same module or cell. This is largely due 
to both calculation methods being highly dependent on the same parameters (the open 
circuit voltage decay time and the maximum open circuit voltage) and both calculations 
being performed on the same set of data at each point.  
The uniformity of the minority carrier lifetime distribution was seen to be the greatest across 
each cell in the monocrystalline silicon cells analysed (PP and WP). There was some variation 
seen across some of the polycrystalline cells analysed, which may be a result of the different 
structure of the grains within the silicon used in each cell. There was also a large variation of 61 
 
the minority carrier lifetime across the amorphous silicon cell analysed (AP) which is most 
likely due to the effects of the electrical contacts. 
Although maps of the minority carrier lifetime were able to be created, the open circuit 
voltage decay method applied in this fashion is not a precise method for determining the 
minority carrier lifetime due to the range of lifetimes obtained and their high level of 
uncertainty. However, the use of this technique does provide an indication of how the 
minority carrier lifetime varies and this can be used to create scale maps of the minority 
carrier lifetime distribution. This would be scalable to allow the analysis of whole modules 
without the need for disassembly. The technique effectively shows regions of the cell or 
module that have low performance compared to the others, whether this is a result of poor 
electrical contact or a low minority carrier lifetime, which would be useful in solar cell post-
production quality control.   
5.2 Recommendations for future work 
 
The open circuit voltage decay method can be applied so that spatial resolution of entire 
modules of solar cells could be possible, with possible applications in post-production 
analysis, the levels of uncertainty could be reduced. These levels of uncertainty are 
particularly evident in the case of amorphous silicon solar cells, where the calculation 
approach performed in these experiments was not sufficient to fully explain the process that 
occur.  
In order to increase the accuracy of some of the data obtained in this experiment, work 
should be done to calculate the actual diode ideality factor for each cell. This would improve 
the accuracy when using the method from Ranjan, Solanki and Lal (2008). 
Measurements of the LED intensity and time for termination would be useful when analyzing 
the open circuit voltage decay curves, as well as aiding the investigation of the relationship 
between the maximum open circuit voltage, LED light intensity and the calculated minority 
carrier lifetime.  62 
 
Further work to determine the diffusion lengths of the minority carriers, as well as the solar 
cell efficiencies, from the data presented in these experiments may also provide insight into 
the accuracy of the results obtained.  
Improvements to the program used to analyse the open circuit voltage decay curves, such as 
finding a way to more accurately reduce the effects of the background as well as improve the 
timings of the LED duration, termination and subsequent data collection, could also be made 
in order to improve the accuracy of the results obtained using this method. 
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LabVIEW (2010) National Instruments 
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7. Appendix 
 
The program used to calculate the minority carrier lifetime in LabVIEW is shown below. 
Written by Rebbeca Fisher (2011), with assistance from Dr. David Parlevliet. 
 
 
 
 
 
 
Figure 7.1. Overview of minority carrier lifetime mapping program with sections labeled. 
Each section is shown on a separate page for clarity, as well as the variations of the true-false 
loops and the sub-program ‘LED on’. 
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Program Section 1 
Figure 7.2. Program Section 1 
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Program Section 2 
Figure 7.3. Program Section 2 
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Program Section 3 
Figure 7.4. Program Section 3 
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Program Section 4 
Figure 7.5. Program Section 4 
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Program Section 5 
Figure 7.6. Program Section 5 
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Program Section 6 
Figure 7.7. Program Section 6 
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Program Section 7 
Figure 7.8. Program Section 7 
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Program Section 8 
Figure 7.9. Program Section 8 
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Program Section 9 
Figure 7.10. Program Section 9 
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Program Section 10 
Figure 7.11. Program Section 10 
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Program Section 11 
Figure 7.12. Program Section 11 
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Program Section 12 
Figure 7.13. Program Section 12 
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Program Section 13 
Figure 7.14. Program Section 13 
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Program Section 14 
Figure 7.15. Program Section 14 
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 ‘LED on’ Sub-program 
 
Figure 7.16. ‘LED on’ Sub-program 
 
True-False Loop 1 (True), shown in Section 8 of program diagram 
 
Figure 7.17. True-False Loop 1 (True) 
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True-False Loop 2 (False outer loop, True inner loops), shown in Section 2 of program 
diagram. 
 
Figure 7.18. True-False Loop 2 (False outer loop, True inner loops) 
True-False Loop 2 (False outer loop, false inner loops), shown in Section 2 of program 
diagram 
 
Figure 7.19. True-False Loop 2 (False outer loop, false inner loops) 84 
 
True-False Loop 2 (True outer loop, False middle loop, True inner loops), shown in Section 2 
of program diagram 
 
Figure 7.20. True-False Loop 2 (True outer loop, False middle loop, True inner loops) 
True-False Loop 2 (True outer loop, False middle loop, false inner loops), shown in Section 2 
of program diagram 
 
Figure 7.21. True-False Loop 2 (True outer loop, False middle loop, false inner loops) 